Introduction
To check the compliance of a polymeric food-contact material with the existing European Union (EU) regulations, specific and overall migration tests should be carried out using food simulants under specified test conditions. However, the experimental determination of the specific migration into food or food simulants requires a considerable amount of time and is even in many cases impossible due to technical/analytical problems or non-availability of corresponding analytical methods.
Numerous scientific investigations have demonstrated during the last two decades that migration from food-contact materials into food and food simulants are predictable physical processes. Mass transfer from plastic material into foodstuffs in most cases obeys Fick's laws of diffusion. Hence, in addition to the experimental methods, a new alternative tool appears to be applicable which is based on theoretical migration estimations. Modelling of potential migration is already used by the US Food and Drug Administration (FDA) as an additional tool to assist in making regulatory decisions. The EU has recently introduced this option to use generally recognized migration models in EU Directive 2002/ 72/EC as a novel conformity and quality assurance tool with the following statement in Article 8 (4):
The verification of compliance with the specific migration limits provided for in paragraph 1 may be ensured by the determination of the quantity of a substance in the finished material or article, provided that a relationship between that quantity and the value of the specific migration of the substance has been established either by an adequate experimentation or by the application of generally recognised diffusion models based on scientific evidence. To demonstrate the non-compliance of a material or article, confirmation of the estimated migration value by experimental testing is obligatory.
A generally recognized model must be based on scientific evidence. The realization of this requirement has been recently achieved within EU Project SMT4-CT98-7513 under the 5th Framework Programme 'Growth Evaluation of Migration Models in Support of Directive 2002/72/EC'.
The major objectives of this project were as follows:
. To demonstrate that a correspondence between the specific migration limit (SML) and a permitted maximum initial concentration (MIC) of a substance in the finished product can be established. . To establish documentation that demonstrates the validity of underlying migration models for compliance purposes. Consequently, parameters used in the migration model have been selected in a way that a 'worst-case' estimate of migration rate is generated.
The final report of this project has been compiled recently (Hinrichs and Piringer 2002) .
This research project has established the mathematical equations to be applied and the conditions for their appropriate application with regards to plastics in contact with food. All these conditions and equations have been published in detail in the Practical Guide of the EU Commission in Annex 1, Mathematical Models, as well as in previous publications (Hamdani et al. 1997 , Brandsch et al. 2002 . The main objective of the present paper is to present a collection of previously unpublished migration data together with their modelling constants for verification of migration modelling and thus show the domain in which the migration model can be used at present. This data collection is a result of contributions from the various authors of this paper, provided from their laboratories by using up-to-date experimental migration methods and from known migration data banks.
Migration modelling
Beyond the characterization of the polymer and food (simulant), the key input parameters for the use of a migration model are the diffusion coefficient, D P , of the migrant in the plastic material P, as well as the partition coefficient K P,F , of the migrant between the plastic and F (food simulant). It is assumed that at the beginning of the mass transfer, the migrant is homogeneously distributed in the plastic matrix P and that there is no boundary resistance for the transfer from the surface of P to F. The migrant is then homogeneously distributed in F and the total amount of the migrant in P and F remains constant during the migration process, that means no chemical decomposition or evaporation will be taken into account. With these assumptions, Fick's second diffusion equation has the following analytical solution (Crank 1975 , Brandsch et al. 2002 :
where m F,t /A (mg cm
À2
) represents the amount of the migrated substance after the contact time t (s) of P with F. The contact area of the food-contact plastic is A (cm 2 ); the initial concentration of the migrant in P is c P,0 (mg g À1 ); the densities of P and F are P (g cm
À3
) and F (g cm À3 ), respectively, and the thickness of P is d P (cm). With the volumes V P (cm 3 ) and V F (cm 3 ) of polymer and food, ¼ (V F /V P )/K P,F , where the partition coefficient K P,F ¼ c p,1 P /c F,1 F is the ratio of the migrant concentrations (w/v) in P and F at equilibrium. The parameters q n are the positive roots of the transcendent equation: tan q n ¼ À q n . Equation (1) can be rearranged to give Equation 2, which can be used to estimate the maximum initial concentration of migrant (MIC) in the food-contact material or article based on specific migration limits for compliance checks.
MIC ¼ SML 100
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All parameters apply in the same way as for Equation 1, except the specific migration limit SML (mg g À1 ¼ mg kg À1 ) and the maximum initial concentration MIC (mg g À1 ).
As mentioned above, D P as well as K P,F play a crucial role in determining the level of migration in a real food packaging application. Due to a lack of knowledge of the exact values in any specific case, it is recommended to establish these values in a more generalized way so that reliably 'worst case' scenarios with respect to migration are estimated which, in fact, is of primary interest from a regulatory stand point. To meet this requirement the described migration model has the two following implications:
. In absence of specific data, the partition coefficient should be taken as K P , F ¼ 1, which means that the substance is very soluble in food (simulant); this option leads to the highest migration values. For all other cases, that is for which the migrant is relatively insoluble in the food (simulants) the partition coefficient could be set at K P , F ¼ 1000. Because these conservative values could strongly influence the estimated migrations, it is recommended to use experimental K P , F values whenever available. . The literature reports a series of sophisticated models for the theoretical estimation of diffusion coefficients in polymers (Mercea 2000a ) but these models are, at least today, too complicated for practical applications. Therefore, a simpler approach was developed. A first approximation to estimate D P was to correlate this coefficient with the relative molecular mass, M r , of the migrant, with a matrix-specific (polymer) parameter, A P and the absolute temperature T, based on empirical data. This approach had been used before (Piringer 1994, Limm and Hollifield 1996) . To pursue the goal of obtaining a simple formula for the estimation of D P , a refined equation for polyolefins and some other plastic materials has been developed (Brandsch et al. 2002) . With this equation a polymer specific upper-bound diffusion coefficient, D Ã P , can be estimated and used instead of the actual diffusion coefficient, D P D Ã P , of a migrant in the polymer matrix:
with
The parameter, A P , is linked to the polymer and describes the basic diffusion behaviour or a 'conductance' of the polymer matrix towards the diffusion of migrants. ) found from literature data (Mercea 2000b) .
For other important groups of plastics relevant to food packaging, e.g. high-density polyethylene (HDPE) and polyethylene terephthalate (PET), a higher activation energy is generally observed. A good mean for these matrices is obtained with E A ¼ 100 kJ mol À1 , which requires ¼ 1577. To ensure that the proposed migration model leads to estimations that offer the safety margin required by the EU consumer protection laws, the 'upper-bond' A Migration models and regulations for food-contact plastics 75
and from here the D P * values in Equations 1 and 2 will overestimate the migration and consequently worst-case migration rates will be calculated by the proposed migration model within certain temperature ranges. To keep Equation 3 functional and to work only with a minimum number of specific variables, to a first approximation was fixed at 0 and 1577, which has corresponding activation energies of E A ¼ 87 and 100 (kJ mol À1 ), respectively. It is known that in a given polymer and temperature range each migrant has a different diffusion activation energy E A (Mercea 2000b) . Therefore, each migrant has a small specific contribution to E A and thus influences also A 0 P . However, analysing the available experimental data, one finds out that the main contribution to these values come from the specific structure of the polymer matrix and thus the influence of the migrant on E A and respectively A 0 P may be neglected in a first approximation.
Polymer-specific migration modelling
Polyolefins. The most important polyolefins (PO) used for food packaging are low-density polyethylene (LDPE), high-density polyethylene (HDPE) and polypropylenes (PP). These materials have specific temperature ranges for which the integrity of the food package is maintained. Using product knowledge of these packages, the temperature range to use PO is generally limited to less than 100 C, which is also valid for the applicability of migration modelling (for details, see Table I ). Under these temperature conditions and with an initial migrant concentration, c P,0 , not higher than about 1%, the migration process in POs follows the general physical law of diffusion with the solution given in Equation 1.
The actual 'upper-bond' values of A 0 P and respectively from Equation 4 for POs listed in Table I have been determined empirically using a database with diffusion coefficients reported in the literature over the last four decades (Mercea 2000b) . In addition, the results from recent migration measurements into olive oil (a simulant used to mimic fatty foods) over a wide temperature range for additives presently used in POs (O'Brien et al. 1997 , O'Brien and Cooper 2001 ) confirm these A 0 P and values. Measured diffusion coefficients for some alkanes and additives in PO (Reynier et al. 1999) were used for comparison with estimated values according to Equation 3 and found to support the A 0 P and values as listed in Table I . To validate further the polymer-specific A 0 P values in Table I as 'upper-bond' values, migration rates were collected from different sources in the context with the EU project to validate the migration model. All data were obtained from recent measurements using additives from the positive list of substances permitted under Directive 2002/72/EC (Table III) . The migration measurements were carried out by following the conditions of Directive 97/48/EC for fatty food (simulants), in most cases olive oil, where solubility for the additives is to be found. The measured migration amounts are listed in Tables IV.I-IV.III. To establish the 'upper-bind' values for A P ¼ A 0 P -/T (Equation 4), which would provide an 'upper-bond' estimate for D P *, the following procedure has been applied. For each migration value in Tables IV.I-IV.III, the corresponding real A P has been calculated now using Equation 3 for 'real' D P 's instead of 'upper-bond' D P *. This means that the real D P is determined in a first step from the experimental migration results using Equation 1 and assuming no partitioning or K P,F ¼ 1. With this real D P , the corresponding 'real' A P and respectively A 0 P can be calculated with Equations 3 and 4 taking into account that ¼ 0 is assumed for LDPE and ¼ 1577 for HDPE and PP. The 'real' A 0 P values obtained for LDPE, HDPE and PP are listed in Tables IV.I-IV.III. By using this approach, it is possible to build representations that reflect the distribution of the number of experimental migrations from the tables as a function of the athermal 'real' parameter A 0 P . In this way, a representation of the characteristic migration behaviour of a polymeric matrix is possible from a collection of experimental data obtained under very different conditions, at different temperatures including migrants of very different structures and molecular weights. In a next step the mean, A A 0 P , and the corresponding standard deviation, s, are calculated. To select an upper boundary at the 95% confidence limit for the 'real' A 0 P (A 0 P *), the mean is increased by adding the standard deviation multiplied with the Student t-factor (t) for a one (right)-side 95% confidence level or
where N is the number of samples. These A Table I shows a satisfactory match. This is because migration from a food package has a square-root dependence on the diffusion coefficient, therefore small differences in the 'real' A 0 P do not translate into large differences in migration.
Other polymers
Similar analysis was performed using data from important non-polyolefins polymers used in food packaging. Polystyrenes used for food packaging applications can be roughly subdivided into two general categories: general-purpose polystyrene (PS) and high-impact polystyrene (HIPS). The polyester with the largest application range for food packaging 76
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is polyethylene terephthalate (PET) and to a much smaller extent is polyethylene naphthalate (PEN). Polyamide (PA(6,6)) plays also an important role as a food packaging material. Using product knowledge of the various polymer types the temperature range for the applicability of migration modelling, are listed in Table II . In these cases the migration process in the abovementioned non-polyolefins follow the physical law of diffusion with the solution given in Equation 1.
In comparison with the POs, the quantity of available migration and diffusion data is much smaller. It should also be noted that the inherent low diffusivity in these polymers produces numerous migration experiments with non-detectable results. These non-detectable results cannot be included in the validation procedure. As a consequence, an initial estimate of corresponding A P values following the stochastic approach was not possible. Therefore, using the procedure as described above, the upperbond limits of A 0 P values have been determined using a statistical evaluation. This evaluation was based directly on available migration values. As in the case of POs, only migration data obtained for additives from the positive list (Table III) , from well-designed migration measurements done in one of the author's Poly((6-(N-(2,2,6,6-tetramethyl-4-piperidinyl)-n-butylamino)-1,3,5-triazine 2,4-diyl) ((2,2,6,6-tetramethyl-4-piperidinyl)imino)-1,6-hexanediyl Relative molecular masses, M r , and the corresponding initial concentrations, C P,0 , of the oligomers in an additive mixture were calculated from the distribution curve of the mixture obtained by GLP. Number in parentheses in column 1 indicates the source of the experimental data: (1) Istituto Superiore de Sanita (ISS), Rome; (2) FABES, Munich; and (3) Bundesinstitut fü r gesundheitlichen Verbraucherschutz und Veterinärmedizin (BgVV), Berlin.
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T. Begley et al. Experimental migration data in fat simulants were collected from different sources, expressed as mg kg À1 (1 kg simulant with the density F ¼ 0.9 g cm À3 in contact with 6 dm 2 polymer with thickness d P ) and the corresponding 'real' A P Experimental migration data in fat simulants were collected from different sources, expressed as mg kg À1 (1 kg simulant with the density F ¼ 0.9 g cm À3 in contact with 6 dm 2 polymer with thickness d P ) and the corresponding 'real' A P 0 values calculated with Equations 1, 3 and 4; ¼ 1577.
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Relative molecular masses, M r , and the corresponding initial concentrations, C P,0 , of the oligomers in an additive mixture were calculated from the distribution curve of the mixture obtained by GLP. Number in parentheses in column 1 indicates the source of the experimental data: (1) ISS, Rome; (3) BgVV, Berlin; and (4) European Union Commission, Brussels. Experimental migration data in fat simulants were collected from different sources, expressed as mg kg À1 (1 kg simulant with the density F ¼ 0.9 g cm À3 in contact with 6 dm 2 polymer with thickness d P ) and the corresponding 'real' A Experimental migration data in fat simulants were collected from different sources, expressed as mg kg À1 (1 kg simulant with the density F ¼ 0.9 g cm À3 in contact with 6 dm 2 polymer with thickness d P ) and the corresponding 'real' A P 0 values calculated with Equations 1, 3 and 4; ¼ 1577. Number in parentheses in column 1 indicates the source of the experimental data: (5) PIRA, Leatherhead. Experimental migration data in fat simulants were collected from different sources, expressed as mg kg À1 (1 kg simulant with the density F ¼ 0.9 g cm À3 in contact with 6 dm 2 polymer with thickness d P ) and the corresponding 'real' A Experimental migration data in fat simulants were collected from different sources, expressed as mg kg À1 (1 kg simulant with the density F ¼ 0.9 g cm À3 in contact with 6 dm 2 polymer with thickness d P ) and the corresponding 'real' A 0 P values calculated with Equations 1 and 3; ¼ 0. Number in parentheses in column 1 indicates the source of the experimental data: (1) ISS, Rome; (2) FABES, Munich; (4) European Union Commission, Brussels; (5) PIRA, Leatherhead; (7) DOW, Midland and PIRA, Leatherhead. in agreement with the goal of a consumer protection legislation.
In addition to the migration data as listed Tables IV.IV-IV.VIII, some recent experimental diffusion coefficients, obtained with upto-date experimental methods, were available for PET, PEN and PA and covered the temperature range of interest for food packaging materials Table II . Migration models and regulations for food-contact plastics 87
For example, for PET, an 'upper-bond' A 0 P ¼ 6 has been proposed based on a separate evaluation of N ¼ 24 migration values listed in Table IV .IV whose migrants are defined in Table III . These data were generated following regulatory requirements for fatty food (simulants) and produced a mean (A 
Conclusion and outlook
Summarizing the results presented above, it can be stated that the scope of the EU project that initiated the work will have been accomplished and the following occurred:
. A series of initial and boundary conditions for the use of migration estimations from plastic foodcontact materials were defined. . For applications in agreement with this framework of initial and boundary conditions, analytical algorithms for the calculation of a 'worst-case' migration level were proposed. The development of a scheme to estimate 'upper-bond' diffusion coefficients by using only readily available experimental data played a crucial role. . For a series of plastic food-contact materials, which in fact represent the bulk of polymers used nowadays in food packaging, specific parameters needed for the migration calculations were derived. The use of these parameters in migration modelling leads to 'worst-case' estimations that ensure, in at least of 95% of cases, a broad consumer safety margin. . Based on existing and recently generated upto-date migration data, a validation scheme for the proposed mathematical framework and polymer-specific parameters was proposed and proofed. . The fact that the results of this work were considered as a reliable tool to verify the compliance with current food-contact material legislation was eventually certified by the EU Commissions that implemented this migration modelling scheme in Directive 2002/72/EC.
Note that the encouraging results reported here should be regarded only as a first step in a longer process of refinement of migration estimation models for compliance purposes. As soon as new experimental results, obtained with up-to-date techniques, are available, more precise 'upper-bond', A P *, values could be estimated. The goal is to produce migration estimations that approach increasingly the real value and thus reduce the over estimations of the model to the safety margin required by the law-maker.
The spectrum on migration processes from plastic food-contact materials is much wider than what is covered by those given nowadays in the Practical Guide accompanying Directive 2002/72/EC. One can mention here only migration from other types of polymers that those given in Tables I and II and, respectively, migration from multilayer food-contact materials. 
